with GFP at the same N-terminal site has been shown to be fully functional in vivo [10] . As controls for the accuracy of MEI-S332 localization in our system, we expressed full-length MEI-S332 fused Summary to GFP. This fusion protein localizes to centromeres in 93% of transfected S2 metaphase cells ( Figure 1B , Table  In mitosis and meiosis, cohesion is maintained at the centromere until sister-chromatid separation. Dro-1), as confirmed by colocalization with anti-CID, a centromere-specific histone (data not shown). As an addisophila MEI-S332 is essential for centromeric cohesion in meiosis and contributes to, though is not absotional control, we generated a deletion that truncates the same part of the C terminus that is missing in the lutely required for, cohesion in mitosis. It localizes specifically to centromeres in prometaphase and delo-MEI-S332 protein made in the mei-S332 7 mutant ( Figure  1A , deletion a). This allele abolishes localization on micalizes at the metaphase-anaphase transition [1, 2]. In mei-S332 mutants, centromeric sister-chromatid totic and meiotic chromosomes in vivo [2]. In transfected S2 cells, the deletion a protein failed to localize specificohesion is lost at anaphase I, giving meiosis II missegregation [3-5]. MEI-S332 is the founding member cally onto chromosomes (Table 1) . Therefore, our S2 cell system faithfully reproduces aspects of in vivo MEIof a family of proteins important for chromosome segregation. One likely activity of these proteins is to pro-S332 localization. We generated a series of deletions spanning the MEItect the cohesin subunit Rec8 from cleavage at the metaphase I-anaphase I transition [6-9]. Although the S332 protein to define domains needed for chromosomal localization and found the conserved N and C family members do not show high sequence identity, there are two short stretches of homology, and mutatermini of the protein to be essential ( Figure 1A ). The localization pattern of the deletion a construct, which tions in conserved residues affect protein function [2, 6] . Here we analyze the cis-and trans-acting factors mimics the protein structure of MEI-S332
Figure 1. MEI-S332 Deletions Delineate Domains at the N and C Termini Critical for Its Localization
(A) Drosophila MEI-S332 is a 401 aa protein, with a putative coiled-coil region at the N terminus, predicted PEST sequences in the middle of the protein, and a highly basic region at the C terminus. The locations of alleles 9 (aa13) and 6 (aa384) are shown; these residues are conserved in the family of MEI-S332-like proteins. The location of the allele 7 mutation is shown by an arrow. The MEI-S332 7 protein is truncated, and a deletion construct that mimics the truncated protein fails to localize in S2 cells, as expected from in vivo data. Colored bars represent the amino acids deleted in each construct. Red bars indicate deletion constructs in which the encoded protein does not localize to metaphase chromosomes, whereas green bars indicate those that can localize. (B) S2 cells were transiently transfected with mei-S332-gfp constructs with various domains deleted. Examples of several metaphase figures at 48 hr posttransfection are shown. Full-length MEI-S332 fused to GFP (FL) localizes to metaphase chromosomes. Deletion of the N-terminal amino acids (⌬b) abolishes chromosomal localization. A deletion of the coiled-coil region (⌬e) fails to localize to chromosomes in metaphase. A deletion construct removing 100 amino acids in the middle of the protein (⌬i) still localizes to chromosomes. The GFP signal in ⌬e is overexposed to show that there is no specific localization. DAPI staining of the DNA is shown in the left column, GFP signal in the middle column, and merged images on the right (blue, DNA; green, GFP). Scale bar equals 2 m. part of the protein. Deletion h is missing both of the mutated in allele 5, and deletion j uncovers the region from the position of the allele 7 truncation to a site 40 predicted PEST sequences, the first of which includes an acidic region in which 14 out of 26 residues are amino acids from the C terminus of the protein. All three of these fusion proteins localized to metaphase chromoaspartate or glutamate. Deletion i removes most of the second predicted PEST sequence and the amino acid somes and compellingly confirmed our observation that Table 1 ). To prove further that the middle of the protein is dispensable for localization, we generated deletion k, which removes 161 amino acids from MEI-S332. Even a deletion of this size still allowed the protein to localize (Table  1) . We conclude that this central area is not necessary for localization. We noticed, however, that in some cases, the GFP signal seemed to be spread further along the chromosomes rather than residing solely at the centromere. This might be due to increased protein expression, because the GFP signal in the cells was visibly brighter and there are high levels of the MEI-S332-GFP protein ( Supplemental Figure S1D) . To test this hypothesis, we separated the 25% of cells with the highest levels of fluorescence from cells that fell in the middle 50% of fluorescence levels and examined the localization of deletion proteins h and i. We found that all of the examples of GFP signal spreading were found in the high fluorescence population. This was also true for very rare cases of GFP spreading seen with the full-length construct (data not shown). These results raise the possibility that the PEST domains contribute to instability and reduced protein levels. These S332 is essential for centromere localization is consistent with the in vivo meiotic consequences of mutations in this domain, the results of deleting the N terminus some GFP foci on the chromosomes (Table 1) . Deletion provide new insights into its function. These experig could also be disrupting protein structure by destabiments delineate the coiled-coil region as being crucial, lizing the coiled-coil conformation and thereby indirectly yet we previously observed that the amino acid changes impairing protein localization. Given the lack of sein alleles 3 and 8 predicted to disrupt coiled-coil strucquence conservation in the region of deletion g, we favor ture do not impede localization in mitosis or meiosis the latter explanation. Given that mei-S332 is part of a conserved protein fammay not be necessary but the domain itself could be ily, we tested whether Drosophila MEI-S332 could be critical for localization. localized onto human prometaphase chromosomes. We Another deletion suggested a role for the interval imexpressed mei-S332 fused to an N-terminal gfp under mediately C-terminal to the coiled-coil region (deletion a constitutive promoter in transiently transfected human g, Table 1 ). However, when this region was divided into 293T cells. We saw specific localization of MEI-S332 on two smaller regions (deletions d and f), both regions chromosomes in cells that were in mitosis. The foci of were not essential for localization (Table 1) Figure S2) . CID, and the BUB1 spindle checkpoint component [17, DRAD21 immunofluorescence also showed that DRAD21 19]. Thus, MEI-S332 localization to chromosomes is levels are much lower ( Figure 3E and data not shown) .
completely independent of sister-chromatid cohesion, In DRAD21-depleted cells, chromosomes appeared disand cohesin is not required as an anchor. organized and failed to congress to proper metaphase plates, showing that sister-chromatid cohesion indeed had been disrupted [14] (Figures 3A-3E) .
The Separase Protease Is Required for MEI-S332 Delocalization To determine if MEI-S332 depends on cohesin for localization, we stained drad21 RNAi cells with an antiWe asked whether the regulatory mechanisms for releasing sister-chromatid cohesion could affect MEI-MEI-S332 antibody and found that, strikingly, MEI-S332 localized to chromosomes. In all metaphase figures at S332. MEI-S332 dissociates from centromeres at the metaphase-anaphase transition, although these cyto-66 hr (n ϭ 43) and 90 hr (n ϭ 57) after dsRNA addition, we observed MEI-S332 localization on chromosomes logical studies do not have the resolution to determine whether this slightly precedes or is coincident with (Figures 3A and 3C, Supplemental Table S1 ). Cells whose spindle and chromosome organization was sufficohesin release. Some of the components for regulating cohesin release have been characterized molecularly. ciently disrupted such that we were unable to stage them, indicative of inactivation of cohesin, definitively
The separase protease has been shown to cleave the RAD21 subunit of cohesin at the metaphase-anaphase showed MEI-S332 on chromosomes (Supplemental Table S1). Because of the metaphase delay and chromotransition in yeast and metazoan cells, thereby allowing sister chromatids to separate (reviewed in [20] ). In Drosome disorganization in these cells, it was difficult to identify anaphases unambiguously, but in a small numsophila, separase activity is encoded by two proteins, THREE ROWS (THR) and SEPARASE (SSE). Thr mutants ber of clear anaphases, MEI-S332 was not associated with chromosomes (Supplemental Table S1 ). MEI-S332 are embryonic lethal, as the chromosomes are unable to separate in the 15 th mitosis of embryogenesis [21, was eventually able to dissociate from chromosomes in those cells that managed to get through the cell cycle, 22]. Centromeric attachments remain such that chromosomes rereplicate and produce diplochromosomes in because telophases did not show any specific MEI-S332 localization (Figures 3B and 3D) . Our results demonthe 16 th cycle [23] . We examined MEI-S332 localization in embryos hostrate that the localization of MEI-S332 is independent of cohesin. It also appears that MEI-S332 is able to mozygous mutant for three rows. Mutant cells in which cohesin release failed are recognizable by the distinctive delocalize at anaphase from chromosomes in the absence of cohesin.
diplochromosomes. We found that MEI-S332 localized to mitotic chromosomes as normally seen in wild-type These data indicate that cohesin and MEI-S332 as- embryos, but also saw MEI-S332 signal in the nuclei of ase pathway can affect MEI-S332, we looked at embryos mutant for pimples (pim). PIMPLES corresponds to the interphase cells (Figure 4 ). This dispersed localization in interphase nuclei was seen reproducibly. Such a pattern securin molecule that inhibits separase until the proper time for sister-chromatid separation in many organisms has never been observed before and suggests that MEI-S332 does not dissociate from chromosomes in anaphase (reviewed in [20] ). It has been demonstrated, however, that functional PIMPLES is needed also for active separand consequently persists into the next interphase. Although it seems likely that MEI-S332 remains on chromoase activity in Drosophila, because mutants in pimples display a failure to release sister-chromatid cohesion somes in interphase because the signal is not diffuse throughout the nucleus, we cannot exclude the possibiland lead to diplochromosomes [24] . As in thr mutants, MEI-S332 localized to chromosomes in mitosis and ity that MEI-S332 is nuclear but not bound to chromosomes.
showed nuclear staining in interphase in pim mutants (data not shown), further providing evidence that MEIAs an additional test of the possibility that the separ- it is possible that MEI-S332 delocalization requires cohesin release, we do not favor this interpretation,
